Three experiments investigated the roles of interaural correlation ͑͒ and of the monaural power spectrum in the detection and discrimination of narrow-band-noise signals ͑462-539 Hz͒ in broadband maskers ͑0-3 kHz͒. The power and of the target band were independently controlled, while the flanking noise was fixed and diotic. Experiments 1 and 2 involved and power values that would be produced by specific values of signal-to-noise ratio ͑SNR͒ in the NoS binaural configuration. Listeners were required to discriminate different SNRs via a 2I-FC loudness-discrimination task. At low reference SNRs, changes in fully accounted for listeners' performance, but as reference SNR increased, additional energy in the target band played an increasing role. Experiment 2 showed that at these higher SNRs the combination of information from the power spectrum and was superadditive and could not be explained by simple signal-detection models. The equalization-cancellation ͑EC͒ theory would explain these data using the output from interaural cancellation, Y, rather than . Experiment 3 attempted to foil binaural processing, by fixing either or Y across intervals. Consistent with EC theory, when Y was fixed, the contribution of the binaural system appeared negligible, while fixing did not have this effect.
I. INTRODUCTION
Binaural unmasking occurs when a signal is presented in noise with an interaural configuration that differs from that of the noise. The largest binaural unmasking effect occurs in the condition known as NoS, where a signal is presented interaurally out of phase against a noise which is interaurally in phase ͑Hirsh, 1948͒. At low signal frequencies ͑200-500 Hz͒ in broadband masking noise, NoS will yield masked thresholds approximately 15 dB lower than NoSo, where both signal and noise are in phase. This article considers two theoretical frameworks that have been used to explain this effect. Durlach ͑1963, 1972͒ proposed the equalizationcancellation ͑EC͒ theory, in which the binaural system can apply a range of transformations to the noise at one ear in order to match it to the noise at the other ear, before subtracting one from the other.
1 More recent versions of the EC theory ͑Durlach, 1972; Culling and Summerfield, 1995; Bareebaart et al. 2001a, b , c͒ have used a restricted set of transformations that include only delay and attenuation. EC theory predicts that NoS is the optimal configuration because no transformation is needed to optimally equalize ͑and so cancel͒ the diotic noise, while the subtraction process will quadruple the signal power.
In the second framework, the waveforms at the two ears are effectively cross-correlated ͑Osman, 1971; Colburn, 1973 Colburn, , 1977 Durlach et al., 1986; Jain et al., 1991; Culling et al., 2001 . Signals are detected when the crosscorrelation maximum ͑the "coherence"͒ is reduced by the presence of the signal. Once again, where the masking noise is diotic, internal delays are not needed, so the maximum in the interaural cross-correlation is equal to the correlation of the left-and right-ear waveforms. Listeners are very sensitive to small reductions in interaural correlation ͑͒ from unity, but less so when the reference correlation is lower ͑Culling et al., 2001; Boehnke et al., 2002͒. The series of experiments reported here yield two main findings. First, when one examines the idea that is used by the brain as the key decision variable in the detection of masked signals, it can fail at suprathreshold ratios of signalto-noise power ͑SNRs͒. Second, if one directly compares the predictions of EC theory to the predictions of correlation models at these moderate SNRs, EC theory is correct in predicting when stimuli will be indistinguishable by the binaural system, while correlation models are not. Taken together, these results constitute relatively strong psychophysical evidence for a cancellation mechanism in binaural unmasking.
The experiments were directly motivated by two previous studies. Jain et al. ͑1991͒ provided evidence in support of the idea that the brain uses changes in as a cue for detecting signals in noise and that the phenomenon of binaural unmasking is mediated by this cue. Among other experiments, Jain et al. manipulated in a narrow band of noise embedded within a broadband diotic white noise. They compared the resulting detection of deviations in from unity with detection thresholds for narrow-band noises added to broadband noise in the NoS configuration. The two were related from theory using Eq. ͑1͒, which gives for the addition of an antiphasic target signal to diotic noise ͑i.e., NoS͒ at any SNR, a͒ ͑NoS͒ = 1 − SNR 1 + SNR . ͑1͒
By use of Eq. ͑1͒ they were able to plot detection rates for the two types of stimuli against a common axis. Since the psychometric functions were very similar, they concluded that binaural detection and discrimination of were most likely produced by the same mechanism. Rearranging the equation gives the SNR equivalent to a given value of :
The second study that led to this one was largely inspired by the first. Culling et al. ͑2006͒ took the idea that interaural correlation underpins signal detection and extended it to the recognition of connected speech, which also displays a binaural unmasking effect ͑Licklider, 1948͒. They reasoned that if detection of signals is facilitated by detection of changes in , then discrimination of different speech sounds, and hence speech understanding, would also be. While speech understanding in noise is improved by favorable binaural configurations, there is something of a mismatch between the frequencies that produce the largest binaural unmasking effect in broadband noise and the frequencies most important to speech understanding. Hirsh and Burgeat ͑1958͒ found that binaural unmasking declines almost linearly with frequency before asymptoting to about 3 dB ͑for NoSo versus NoS͒ at 1500 Hz, whereas Fletcher and Galt ͑1950͒ found the most important frequencies for speech understanding to be centered around 2000 Hz. Although speech in quiet can be understood when low-pass filtered at 1500 Hz, it seemed likely that listeners would not be able to rely solely on binaural cues to understand speech. Consequently, Culling et al. ͑2006͒ examined the roles of both monaural spectral information and the binaural correlation changes. In each case, speech in noise was simulated by modulating the interaural correlation and spectral power. These two cues were investigated independently by analyzing the fluctuations in intensity and within each frequency band of stimuli created by adding speech to noise 2 in NoS. The resulting measurements were then used to modulate the intensity and/or of an independent noise, creating simulations of the original speech with orthogonally controlled cues. The results showed that neither individual cue was very effective at facilitating speech understanding at SNRs where the original NoS stimuli were 50% intelligible. However, when both were combined a large increase in performance was observed.
Among a number of alternative explanations for the data of Culling et al., one possibility was that there is an interaction between monaural and binaural information. The present experiments explore this possibility using much simpler stimuli.
II. EXPERIMENT 1
Experiment 1 measured listeners' ability to discriminate different levels of correlation for a target band of noise embedded within a broadband noise ͑0-3 kHz͒ compared to a reference level of correlation, R . For R = 1, the experiment was a direct replication of conditions "WB Det NoSo," "WB Det NoS," and "Fringed Corr-No" ͑termed here the NoSo, NoS, and Corr conditions͒ from experiment 1 in the article of Jain et al. ͑1991͒. The only difference is that, here, target bands of noise with a bandwidth of 1 ERB ͑Moore and Glasberg, 1983͒ were used rather than 1/10 octave centered on 500 Hz ͑i.e., 77 Hz rather than 35 Hz wide͒. The NoSo and NoS conditions involved the addition of a 1-ERB-wide target band of noise with appropriate binaural phase to a broadband noise ͑0-3 kHz͒. The Corr condition involved the manipulation of within the target band. The other levels of R extended this detection paradigm into a discrimination paradigm, where the reference stimuli contained cues that were similar, but of lesser magnitude than the cues in the target stimuli. That is, in NoSo and NoS, the reference condition has an added band of noise of appropriate interaural phase whose SNR was related to R by Eq. ͑2͒.
It is noteworthy that the manipulation of within a target band in the Corr condition can be achieved by adding a noise at each ear with non-unity interaural correlation to a correlated noise with a complementary dip in its power spectrum. Figure 1͑c͒ illustrates this way of viewing the stimuli for the addition of anticorrelated noise ͑i.e., with a of −1͒. If the added noise is interaurally uncorrelated, the scale factor, u, that must be applied to the uncorrelated portion of the noise within the target band to achieve a target correlation, , is given by Eq. ͑3͒, while the scale factor for the correlated noise within that band, c, is given by Eq. ͑4͒:
͑4͒
Equivalent stimuli can be created by adding interaurally anticorrelated noise. Here, the scale factor for the anticorrelated noise, a, is given by Eq. ͑5͒ and that for the correlated noise, c, by Eq. ͑6͒: 
Effectively, therefore, the NoSo and NoS conditions are formed by adding an additional band of noise, producing a prominence in the spectum ͓Figs. 1͑a͒ and 1͑b͔͒, while the Corr condition is formed by replacing part of the masking noise, leaving the spectrum flat.
A. Stimuli
The stimuli were generated using MATLAB and played to the listeners at a sampling rate of 44.1 kHz with 16 bit quantization. Gaussian noise samples of 500 ms duration were generated, filtered, scaled, and mixed digitally. Filtering was performed by applying a discrete Fourier transform, setting the amplitude of unwanted frequency bins to zero and then applying an inverse Fourier transformation.
The NoSo stimuli were formed by the addition to a broadband diotic noise of a band of interaurally correlated ͑i.e., diotic͒ noise, bandpass filtered from 462 to 539 Hz. The NoS stimuli were formed by the addition of an anticorrelated noise of the same bandwidth. The target band of the Corr condition was formed by mixing correlated and uncorrelated bands of noise, according to Eqs. ͑3͒ and ͑4͒, and inserting them into a complementary notch in the correlated flanking noise. All stimuli were low-pass filtered at 3 kHz and gated with 10 ms raised-cosine onset-offset ramps.
B. Procedure
Three listeners participated in the study. These were the author and two naive listeners who were paid for their participation. In each condition, psychometric functions were measured for a range of target values of , T , against a higher reference value of , R . The values of R were 1.0, 0.9, 0.8, 0.7, and 0.6. These values are equivalent to progressively higher SNRs of −ϱ, −12.8, −9.5, −7.5, and −6 dB. The set of target values of , T was adjusted such that the target always had a lower correlation ͑Table I͒.
Each listener attended two 1 h experimental sessions for each of the five values of R . During each session the listener completed either 18 or 15 50-trial blocks. Each block was used to measure one point on a psychometric function of one of the three conditions. At the beginning of each block, listeners were presented with the "target sound," which was an isolated diotic noise, bandpass filtered to the same bandwidth as the target band of the stimuli to follow. The sequence of blocks was selected at random. The complete psychometric function for all three conditions was collected during each session, but the results were averaged over the two sessions.
Each trial consisted of two randomly ordered presentation intervals. In one interval, a reference stimulus was presented using R in the Corr condition or its equivalent SNR in the NoSo and NoS conditions. In the other interval a stimulus with lower value of ͑or higher value of SNR͒ was presented. Listeners were required to select the interval containing the target signal, or the interval in which the target signal was loudest. In practice, the perceptual salience of the reference stimuli was such that the former instruction applied for R = 1 or 0.9, while the latter applied for lower values. Listeners responded using the mouse by clicking on a button that appeared on the computer monitor at the onset of the corresponding interval. The presentation level was 57 dB ͑A͒. Trial-by-trial feedback was given.
C. Results
The results of Experiment 1 are shown in Figs. 2-6. Each figure shows the psychometric functions for the three individual listeners and their mean on separate panels for one specific value of R . In order to facilitate comparisons across figures, axis limits have not been adjusted from one figure to the next. The axis in decibels at the bottom of each figure is derived using Eq. ͑2͒ from the correlation values that were used to make the stimuli. Corresponding interaural correlation values are marked on the top axis. Increasing interaural correlation corresponds to decreasing SNR.
The results for R =1 ͑Fig. 2͒ replicate those found by Jain et al. ͑1991͒, in that the psychometric functions for NoS and NoSo differ by 16 dB, while those for Corr and NoS are roughly the same. It seems likely, given the results for other values of R , that the apparent difference in slope for the fitted logistic functions is a product of experimental noise.
The results for R = 0.9, 0.8, 0.7, and 0.6 ͑Figs. 3-6͒ extend those of Jain et al.. Across the four figures, the data are progressively clustered toward the right-hand side of the figure because the higher values of reference SNR makes it inappropriate to present target stimuli of lower SNR ͑see Table I͒. Figure 3 shows that, with R = 0.9 ͑reference SNR = −12.8 dB͒, the data follow a similar pattern as for R =1, except that the difference between the NoSo and NoS con-TABLE I. Values of target interaural correlation, T , used in Experiment 1 with the given values of reference interaural correlation, R . Numbers in parentheses are the equivalent SNRs derived using Eq. ͑2͒.
ditions ͑the binaural unmasking effect͒ has reduced to about 10 dB. The Corr and NoS conditions coincide almost exactly with no apparent difference in slope. Figure 4 shows that, with R = 0.8, a difference in pattern begins to emerge. The NoSo and NoS conditions still differ by about 7 dB, but there is a small difference between the NoS and Corr conditions at each value of T , arising from the data of listeners CA and KS. From the fitted logistic functions, these differences are equivalent to 0.3 dB at the 75% point. Figure 5 shows the same effect at R = 0.7, but more consistently across all three listeners; the Corr score is lower than the NoS score for each listener at each value of T ͑bar one where they are equal͒. These differences are therefore significant by a sign test ͑p = 0.0001͒. From the fitted logistic functions, the differences are equivalent to 1 dB at the 75% point. The binaural unmasking effect is difficult to evaluate, because the scores in NoSo became too low, though clearly it still exists.
Finally, Fig. 6 shows a perhaps larger difference between the Corr and NoS conditions for R = 0.6, which again occurs for each listener at each value of T ͑bar two where they are equal͒. These differences are also significant by a sign test ͑p = 0.0002͒. From the fitted logistic functions, these differences are again equivalent to 1 dB at the 75% point, although the difference now appears to increase with target SNR for two of the listeners and so may be larger at higher threshold levels.
D. Discussion
The data show that the equivalence of the NoS and Corr conditions is dependent upon reference SNR. At low reference SNRs ͑high R ͒ the results of these two conditions are identical, whereas at higher reference SNRs their results progressively diverge, such that NoS discriminations are always easier. Given that for R = 1, the reference stimuli are identical in these two conditions ͑both are diotic noise͒, and assuming that the listeners solve the task principally on the basis of loudness of the antiphasic signal, this must mean that the NoS and Corr stimuli are equally loud at low SNRs, but that the NoS stimuli increase in loudness more rapidly with increasing SNR than the Corr stimuli.
This outcome might be expected given that there are two cues contributing to the loudness of the NoS condition ͑both and the intensity of the target band͒, both of which would be expected to increase loudness with SNR. However, it is noteworthy that the listeners showed no tendency to improve their performance in the NoSo condition at higher reference SNRs; their ability to detect changes in intensity within the target band remains very poor compared to their ability to discriminate the different SNRs in the other conditions. It may therefore be difficult to account for the increasing difference between the NoS and Corr conditions at higher reference SNRs on the basis of increased effectiveness of the intensity-change cue, apparently indicating an interaction between monaural and binaural cues.
Culling et al. ͑2006͒ also found an apparent interaction between monaural and binaural cues to speech understanding in noise, whereby the combination of both cues gave rise to much higher word recognition rates than either cue in isolation. The interaction seems to occur only at relatively high SNRs, but since speech understanding requires not just the detection of speech energy, but relative judgment of energy across time and frequency, discrimination of different moderate SNRs is probably a central aspect of the task ͑Culling and Colburn, 2000; Culling et al., 2001͒. The plausibility of such an interaction was explored further in Experiment 2 using stimuli similar to Experiment 1, but concentrating on the difference between the NoS and Corr conditions at relatively high SNRs.
However, before moving on to Experiment 2, it is worth noting that the observed outcome of Experiment 1 is also quite consistent with EC theory. Using the conceptual model in Fig. 1 , the ͑effective͒ amount of anticorrelated noise which has been added within the target band in the NoS condition is greater than that in the equivalent Corr condition. Consequently, when a subtractive operation is applied, a larger residue from cancellation will occur in the NoS condition than in the Corr condition. Moreover, the difference in residue will increase with ͑equivalent͒ SNR, predicting, without recourse to an interactive process, that the difference between NoS and Corr should become greater at suprathreshold levels.
With a few simplifying assumptions, it is possible to further evaluate this interpretation of the results. EC theory predicts that decisions are made on the basis of a decision variable, Y, that is derived from an interaural cancellation process ͓a waveform Y͑t͒ is derived by the cancellation of the left-and right-ear signals, and the power, Y, of this waveform acts as the decision variable͔. We will assume here that, for the stimuli in question, Y is simply proportional to the power of the difference signal, R͑t͒ − L͑t͒, when the left-and right-ear waveforms are subtracted ͑an assumption that holds true if no equalization operation is required and internal noise is negligible͒. Y is thus proportional to the variable a 2 from Eq. ͑5͒. Further, we will assume that discriminations on the basis of this decision variable are subject to Weber's law, implying that changes in Y that are equal in decibels are equally detectable. Finally, we will also assume that any direct sensitivity to interaural correlation will also follow Weber's law for the equivalent SNR produced by Eq. ͑2͒ ͑cf. The closed circles are a replot of the same data against ␦Y. For the NoS condition ͑open squares͒. ␦SNR and ␦Y are equal ͑because the diotic noise level within the target band is fixed͒, and so are only plotted once. For R = 0.8 and 0.9 differences between the three curves are negligible, but for R = 0.6 and 0.7, there is a close agreement between the psychometric functions for Corr and NoS when they are plotted against ␦Y, whereas the Corr condition does not agree well when plotted against ␦SNR. These results suggest that, given the above-mentioned assumptions, EC theory agrees well with the results of Experiment 1, without any separate consideration of a role for monaural detection of intensity change.
III. EXPERIMENT 2
Supposing that Experiment 1 has revealed an interaction between monaural and binaural cues in the discrimination of different signal levels, Experiment 2 set out to characterize that interaction. Signal detection theory offers two typical scenarios for the interaction of multiple cues. In the case of completely independent cues with independent noise ͑as might typically occur in a cross-modal detection task͒, dЈ values derived from each cue in isolation should combine via an orthogonal vector sum ͑i.e., Pythagoras' theorem͒ to predict the dЈ value when both cues are presented simultaneously ͑Macmillan and Creelman, 1991, p. 257͒. On the other hand, when two cues are sufficiently related that their detection is limited by one common noise, one would expect the sum of their individual dЈ values to predict the dЈ observed when both cues are presented ͑Macmillan and Creel-
Experiment 2 set out to characterize the interaction by measuring dЈ for the monaural and binaural cues independently and comparing with dЈ for their combined effect. That is, pairs of correlation values were selected using the results of Experiment 1 to produce a large difference between the Corr and NoS conditions. The listeners' ability to discriminate these correlation values was then measured in terms of dЈ and discrimination in the NoS condition was compared with the sum of the two dЈ values in the other two conditions.
A. Stimuli
Two pairs of correlation values were selected for discrimination. These pairs were 0.2 vs 0.6 and 0.3 vs 0.7. The Corr, NoS, and NoSo conditions corresponding to these correlations were generated and presented in the same way as those of Experiment 1. That is: in the Corr condition, Eqs. ͑3͒ and ͑4͒ were used in order to produce these values of correlation in the target band; in the NoS condition, SNR was set using Eq. ͑2͒ to produce the same target-band correlations as the Corr condition; in the NoSo condition, the SNR was the same as in the NoS condition.
B. Procedure
The same three listeners attended two 1 h testing sessions. During each session, they completed 12 blocks of 50 trials. In each session, there were two blocks for each of the two pairs of correlations in each of the three conditions. Thus, there were a total of four blocks for a given combination of condition and correlation pairing. The dЈ values derived from each of these four blocks were averaged to give the corresponding "raw" dЈ value for each listener. 
C. Results

D. Discussion
The experiment set out to characterize how monaural cues ͑represented by NoSo͒ and binaural cues ͑represented by the Corr condition͒ are combined in the NoS condition. However, the results showed that neither form of summation of the monaural and binaural cues was able to account for the NoS data. From a strictly numerical point of view, the reason for this is that the dЈ values from the NoSo condition were so small that, whatever form of addition was used, they produced an almost negligible increment when added to the dЈ values from the Corr condition. The monaural cues available are clearly very weak.
The fact that the conventional forms of interaction considered by signal detection theory are unable to account for the data does not necessarily rule out the idea that is the critical decision variable in binaural detection. Nonetheless, having to invoke such a powerfully superadditive interaction in order to account for the data is relatively unparsimonious. Given that the equivalence of binaural cues for the Corr and the NoS condition was obtained by setting to equal values, one can question whether is in fact the decision variable at work. Again, EC theory may provide a more convenient account of these data, because it does not predict that the Corr and NoS conditions should provide equivalent binaural cues. As an alternative, Experiment 3 set out to test whether EC theory can deliver a more internally consistent account.
IV. EXPERIMENT 3
As discussed earlier, Durlach ͑1963, 1972͒ proposed a rather different mechanism for binaural detection that relies on canceling out the interfering noise. Here, the internal representation of the stimulus at one ear is subtracted from the internal representation of the stimulus at the other ear, following an equalization process that compensates for interaural differences in the interfering noise. The decision variable is the power, Y, of the resulting residue from cancellation. The final experiment set the predictions of the correlation and cancellation theories against each other. It sought to null out the effect of one or the other candidate binaural cue ͑interaural correlation or cancellation residue͒, by keeping it constant across the two presentation intervals, while changing the spectrum level in the target band across the two intervals. If a candidate binaural cue is fixed in this way it should make no contribution to detection performance and discrimination will be equivalent to a diotic condition where only the spectrum-level change occurs. However, when the spectrum level of the target band changes, keeping one candidate cue constant will always produce changes in the other. For instance, if interaural correlation is kept constant, the cancellation residue will grow in power in proportion with the target band's spectrum level. Consequently, it should be possible for results from only one of the two binaural conditions to match the diotic condition. Using this "nulling" design, the stimuli of the "winning" condition are expected to be indistinguishable binaurally, so there is no need to make the assumptions ͑however reasonable͒ about conformance to Weber's law that were employed in the Discussion of Experiment 1.
In designing the stimuli, the residue from interaural cancellation, Y, is operationally defined as the power of the waveform produced by a simple subtraction of the stimulus as presented to the two ears. It is assumed that the actual output from an EC mechanism will be the same when Y is the same, because it seems unlikely that the operation of the EC mechanism will change across intervals. This assumption is considered reasonable in the context of limited variability among other stimulus properties. That is, the stimuli do not vary in any way that might be expected to make the operation of the EC model vary. 
A. Stimuli
The stimuli were similar in general to those of the previous experiments, except that the spectrum level of the target band was controlled independently of the two putative binaural cues. The construction of the three conditions is 9 . Schematic illustration of the signal-and nonsignal-interval stimuli of Experiment 3. The spectral prominence in the signal interval is identical for each of the three stimulus types. In the Fixed-condition, the proportion of anticorrelated noise in the target band is the same in the signal and nonsignal intervals; since the intensity of the target band increases, the amount anticorrelated noise increases in proportion. In the Fixed-Y condition, the amount of anticorrelated noise is the same in the signal and nonsignal intervals; since the intensity of the target band increases, the proportion of anticorrelated noise ͑and the resulting interaural correlation͒ is reduced in the signal interval. These features have been exaggerated for illustrative purposes. illustrated in Fig. 9 . In the nonsignal interval, the spectrum was always flat. In the signal interval the spectrum level of the target band was elevated above the flanking noise by a power factor, SP, between 0.5 and 2.5 dB. Three different conditions were constructed as follows.
All stimuli were prepared by creating complementary bandpass target and band-stop flanking noises. The target band was manipulated in correlation and power before adding it to the flankers. In the diotic condition, the entire stimulus was diotic in both intervals, with the spectral prominence of the target band controlled by scaling the target band power by SP. In the Fixed-condition, in the target band was manipulated to be 0.7 in both intervals using Eqs. ͑3͒ and ͑4͒, prior to any scaling. In the Fixed-Y condition, the targetband correlation in the nonsignal interval was also set to 0.7 in the same way, but Y was fixed to be the same in the signal as in the nonsignal interval. For this purpose, the scale factor for the anticorrelated noise in the target band is given by a in Eq. ͑5͒, while the scale factor of the correlated portion of the target-band noise, c, is given by Eq. ͑7͒, where SP is spectral prominence, applied as a factor to the power ͑expressed as linear units͒ of the target band. A value of one ͑equivalent to 0 dB͒ implies no spectral prominence,
The increased power in the target band for the Fixed-Y condition thus comes purely from additional correlated noise. Consequently, additional power results in a higher correlation in the Fixed-Y condition; in the nonsignal interval it is 0.7, and in the signal interval it varies from 0.73 to 0.83. Three different target bandwidths were employed, centered on 500 Hz. The bandwidths corresponded to 1 ERB ͑462-539 Hz͒, 2 ERBs ͑427-580 Hz͒, and 4 ERBs ͑360-670 Hz͒.
B. Procedure
The same three listeners attended six 1 h testing sessions, two for each of the three bandwidths. During each session, they completed 15 blocks of 50 trials. These 15 blocks covered five levels of spectral prominence ͑0.5, 1, 1.5, 2, and 2.5 dB͒ in each of the three conditions. Thus there were two blocks for a given target bandwidth, condition and spectral prominence. The dЈ values derived from each of these two blocks were averaged for each listener.
C. Results
As in the preceding experiments, the results were very similar for each of the three listeners. Consequently, Fig. 10 shows the mean discrimination rates across the three listeners for each level of spectral prominence. Separate panels show the results with different target bandwidths. Discrimination rates increased with the spectral prominence of the target band in the signal interval in all three conditions, but more rapidly in the Fixed-condition than in the NoSo or Fixed-Y conditions. The results from NoSo and Fixed-Y conditions are essentially indistinguishable. Results for the three different target bandwidths are also very similar.
An analysis of variance covering the three bandwidths, three conditions, and five spectral prominences confirmed a significant main effect of spectral prominence ͓F͑4,8͒ =65, p Ͻ 0.0001͔, a significant main effect of condition ͓F͑2,4͒ =62, p Ͻ 0.001͔, and a significant interaction between the two ͓F͑8,16͒ = 193, p Ͻ 0.0001͔. There were no effects related to the bandwidth factor. The effect of spectral prominence reflects the usefulness of this cue in all conditions. The other two effects reflect the differences between the three conditions and their change with spectral prominence and these were analyzed further. Tukey HSD post-hoc analysis of the main effect of condition confirmed that the Fixed-condition gave significantly higher discrimination rates than either the diotic or the Fixed-Y conditions ͑q Ͼ 13, p Ͻ 0.01, in each case͒, but that these conditions did not differ from each other. The interaction was first analyzed using simple main effects. These revealed that the effect of prominence was significant in each condition ͓F͑4,8͒ Ͼ 10, p Ͻ 0.002, in each case͔, while the effect of condition was significant for spectral prominences of 1.5, 2, and 2.5 dB ͓F͑2,4͒ Ͼ 17, p Ͻ 0.02, in each case͔. Tukey HSD analysis of the interaction allowed comparison of the individual conditions at each level of spectral prominence; the Fixed-condition gave significantly higher discrimination rates than the other two conditions at spectral prominences of 1.5, 2, and 2.5 dB ͑q Ͼ 6.5, p Ͻ 0.05, in each case͒, and no other differences were significant. If were the most pertinent decision variable in binaural detection, one would expect that fixing at 0.7 across the signal and nonsignal intervals would prevent listeners from using that cue. Consequently, listeners should only be able to use the change in spectral prominence of the target band in order to solve the task. In that case, one would expect performance to match the diotic condition where this spectral prominence was the only potential cue. The results instead showed that the Fixed-condition gave consistently higher scores than the diotic condition, the difference increasing with the size of the spectral prominence in the signal interval. This result indicates that fixing is an ineffective way to nullify binaural cues. It also reconfirms that monaural and binaural cues appear to interact strongly when one considers as being the effective decision variable for the binaural system.
Similarly, if Y were the pertinent decision variable, one would expect performance with fixed Y to match the diotic condition. In this case, the results were indeed consistent with this expectation, so fixing Y appears to remove any effect of binaural processing. These results suggest that a far more parsimonious account of the data can be made using the idea of interaural cancellation than using interaural correlation, because the latter requires the intervention of a superadditive cue interaction in order to account for the data. The fact that Fixed-stimuli gave higher scores than the other conditions, with the difference increasing with SP, is also predicted by EC theory; the amount of anticorrelated noise in Fixed-stimuli increases with SP and this provides an increasing binaural cue on top of the increasing monaural cue.
One alternative interpretation of the observed pattern of results is that the salient cue is , but that the differences between the Fixed-and the Fixed-Y conditions are caused by effects occurring at the edges of the target band. An important consideration here is that, while the interaural statistics are under control within the target band, just outside the target band they are not. In particular, consider an auditory filter just above or below the target band. The interaural correlation within this filter is f . f will be dominated by a fixed level of correlated flanking noise, but will be influenced by the interaurally decorrelated noise within the target band. In the Fixed-condition, the uncorrelated component of this noise will increase in power with SP, while the flanking noise will not change. Consequently, f will fall as SP increases. Since low values of are more salient, this effect may facilitate the recruitment of additional frequency channels to the decision process in the Fixed-condition and cause it to be easier for the listeners. Integration of cues across frequency thus offers an explanation of the observed increase in performance with SP in this condition. The experiment addressed this potential confound by exploring the effect of target bandwidth. If the advantage of the Fixedcondition were produced by effects occurring at the edges of the target band, then one would expect the role of these effects to be reduced significantly compared to effects within the target band when the target band is broadened ͑i.e., the target band is twice or four times as wide, but there are still only two edges͒. The results, however, show no influence of the width of the target band on the pattern of results, suggesting that performance is determined by cues from the target band and not from the edges.
V. GENERAL DISCUSSION
For narrow-band signals in broadband noise, the effect of adding a signal in the NoS configuration was indistinguishable, at threshold, from the change in correlation to which it gave rise. However, at moderate signal-to-noise ratios ͑Ͼ−10 dB͒, systematic differences in sensitivity were observed using a loudness discrimination task. These differences could not be accounted for by the additional monaural cues that exist in the NoS condition, because these cues were found to be too ineffective. On the other hand, the differences were consistent with the operation of an EC mechanism. The operation of an EC mechanism was supported by a nulling experiment, which showed that binaural processing in a loudness discrimination can be foiled by fixing the power of the interaural difference signal, but not by fixing the interaural correlation. These results have clear implications for models of binaural unmasking, and are particularly relevant for discrimination tasks, such as speech perception, where the task is performed above detection threshold.
A number of studies have tested in detail the predictive power of correlation-and cancellation-based models of binaural unmasking. Typically, a broad range of existing data is successfully modeled, but a few problems tend to remain. Durlach ͑1972͒ made the first major effort in this direction. Durlach performed a rigorous examination of the analytically derived predictions of EC theory against a wide range of existing findings from the literature. His revised EC theory exhibited a small number of unresolved problems. For instance, EC theory predicted that the binaural unmasking effect should asymptote to zero with increasing signal frequency while a range of empirical studies show that it in fact asymptotes to about 3 dB. Similarly, Colburn ͑1973, 1977͒ examined the effectiveness of a correlational model, based on the statistics of auditory nerve responses and was able to predict the vast majority of the data, including additional binaural capacities such as interaural time and intensity discrimination. The most recent comprehensive study of this sort was performed by Breebaart et al. ͑2001a , b, c͒ using a computational EC model, which again captured a large quantity of empirical data. This analysis included a selection of the empirical studies examined by Durlach and by Colburn and went on to look at studies that used maskers with frequency-and time-dependent interaural parameters.
The general success of such modeling efforts led Colburn and Durlach ͑1978, p. 509͒ to remark that "Almost all models of binaural detection appear to be capable of describing the data on how the detection threshold varies with interaural parameters." It has since been widely presumed that different models of binaural unmasking cannot be differentiated psychoacoustically. However, Colburn and Durlach were careful to include the caveat that this observation held "under the assumption of small signal-to-noise ratio." The above-reported series of experiments show some advantages for equalization-cancellation theory over correlation-based models. In particular, Experiments 2 and 3 show that EC theory offers a more parsimonious account of binaural signal discrimination at moderate SNRs ͑i.e., better than about −10 dB͒. The result supports the arguments of van de Par et al. ͑2001͒. They argued that employing correlation as a decision variable would involve an improbable precision in the stimulus level normalization needed for calculating the normalized correlation when the overall stimulus level was varied. They also suggested that an EC mechanism would provide a less problematic explanatory framework.
The experiment of van de Par et al. and Experiment 3 of the current study are representative of a different approach to binaural modeling; rather than attempting to model a large body of archival data, they set out to determine the appropriate parameters for a model through specifically designed empirical studies. Recent research on high-frequency unmasking has displayed a similar approach. This work suggests that the reduction in the binaural unmasking with increasing frequency is most likely related to a change in the neural encoding of the stimulus waveform with increasing frequency; at low frequencies, features of the carrier and envelope are both encoded, but with increasing frequency, the carrier information is lost, leaving only information about the envelope ͑e.g., Bernstein and Trahiotis, 1996; van de Par and Kohlraush, 1997͒ . This account differs from that of classical EC theory ͑which relies on inaccurate selection of the ideal equalization delay to generate the effect of frequency͒ although it has tended to be included in models of binaural unmasking since Colburn's work.
The moderate SNRs examined here have rarely been the topic of psychoacoustic research, yet must be common in many practical situations where signals are detected or discriminated at levels above their detection threshold. In particular, speech perception in noise involves the simultaneous analysis of energy levels in multiple frequency channels at various sensation levels. The problem of binaural unmasking for speech led Culling et al. ͑2001͒ to make one of the few previous investigations of supra-threshold binaural processing. In pursuit of the idea that correlation was the effective decision variable, Culling et al. ͑2001͒ measured dЈ for discrimination of different correlation values. As in the present study, the correlation of a narrow subband of otherwise diotic noise was manipulated. On the assumption that decreases in result in increases in loudness for such stimuli, the experiment was conducted as a loudness discrimination task and the resulting dЈ values were treated as unidimensional, such that they may be expected to sum ͑Macmillan and Creelman, 1991, p. 210͒. This assumption permitted the fitting of continuous functions to the data, which represent cumulative dЈ as a function of correlation ͑for instance, the ability to discriminate any positive correlation from unity was termed d ͑1,͒ Ј ͒. One of the main findings of that study was that if these functions were rescaled using Eq. ͑2͒ in order to present them against the equivalent SNR ͑in decibels͒, they became much more linear, and not unlike the growth in loudness with stimulus intensity ͑e.g., Stevens, 1957͒. 4 The finding also echoed the work of Egan et al. ͑1969͒ , who found that dЈ was often a more-or-less linear function of threshold SNR in decibels for both monaural and binaural detection. The present data would make the slightly modified prediction that for binaural detection dЈ should be a linear function of signal level in decibels, rather than signal-to-noise ratio in decibels. Finally, the outcome of the present study appears to offer a ready explanation for the pattern of results observed by Culling et al. ͑2006͒ using speech stimuli. Like the results presented here with narrow-band-noise targets, Culling et al. found an apparent interaction between the roles of monaural patterns of power fluctuation and binaural patterns of correlation fluctuation in the intelligibility of speech in noise; neither cue alone supported measurable speech recognition, but when combined, substantial improvements occurred. It now seems likely that this "interaction" in fact reflects to some extent the operation of a cancellation mechanism, rather than a decorrelation detection mechanism. A cancellation mechanism is influenced by both the correlation and the power of the combined stimulus, and so would predict better performance in the combined case. It is not clear, however, whether this effect is the only one involved.
VI. CONCLUSIONS
When one considers correlation as the decision variable in binaural detection, there appears to be a superadditive combination of monaural and binaural information. This superadditive combination occurs more reliably when the stimulus is above threshold. The effect has now been observed for narrow-band target signals as well as speech. The results can be more parsimoniously understood using an EC mechanism as the binaural processor.
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1
One problem with the EC model is that in order to select the appropriate equalization it seems to require precognition of the interaural configuration of the noise. Two solutions to this problem have been offered. Summerfield ͑1995͒ and Breebaart et al. ͑2001a͒ each assumed that all equalization operations occur in parallel, an assumption that has some empirical support ͑Kohlrausch, 1990͒. Culling and Summerfield then used the rule that the equalization resulting in the lowest power output should be selected. This rule is equivalent to assuming that the noise is more intense than the signal and that by canceling as much of the stimulus as possible, the noise will be disproportionately removed. Breebaart et al., on the other hand, suggest that the output of all transformations can be processed in parallel as well, thus maximizing the recovered data, although in their model verifications they also only used a single output.
2
The signal-to-noise ratio was nominally −20 dB, although the use of Brown noise, which has a spectral roll off of −6 dB/ oct. ͑i.e., with most of its energy at the lowest frequencies͒ means that the SNR was frequency dependent, varying between −10 and −20 dB for frequencies above 200 Hz.
